A survey of nine ponds in Illinois and Iowa confirmed the occurrence of both cyclically and obligately parthenogenetic D. pulex and cyclically parthenogenetic D. obtusa. The three taxa co-occurred in two of the ponds and one predominantly cyclical parthenogenetic population of D. pulex also contained an obligately parthenogenetic clone. Three populations consisted solely of obligately parthenogenetic D. pulex, whilç three consisted solely of cyclically parthenogenetic D. obtusa. Populations of cyclically parthenogenetic individuals, which have a sexual phase, were usually in Hardy-Weinberg equilibrium at individual loci and had a high genotypic diversity. Populations of obligately parthenogenetic individuals deviated from Hardy-Weinberg equilibrium and often consisted of only one or two clones. Mode of reproduction was confirmed by breeding studies on individuals isolated from the populations. Daphnia pulex and D. obtusa were genetically distinct based on variation at six polymorphic loci. Individuals of D. pulex reproducing by the two modes of reproduction were also genetically differentiated. Obligately parthenogenetic individuals wereLdh 13 and Pep 12 heterozygotes while cyclically parthenogenetic individuals were 11 homozygotes at both loci. Seven obligately parthenogenetic clones were found with only one clone occurring in more than one population. The high genotypic diversity and restricted distribution of obligately parthenogenetic clones is consistent with their independent origin from cyclically parthenogenetic individuals.
INTRODUCTION
Parthenogenetic individuals of a species are often found to have a different geographical distribution compared to their bisexual relatives (Levin, 1975; Suomalainen et a!., 1976; Glesener and Tilman, 1978; Lynch, 1984a) . Asexual forms tend to occur at higher altitudes and latitudes, in xeric environments and disturbed habitats, while sexually reproducing relatives occur in the opposite kinds of habitats (Glesener and Tilman, 1978) . Examples of overlapping distributions and the co-occurrence of sexually and asexually reproducing forms of some species show that these patterns are not without exceptions (Lynch, 1984a) . Nevertheless, documenting the distribution of parthenogenetic individuals and sexually reproducing relatives is a necessary step towards understanding the origin of parthenogenetic races. For example, the hybrid origin of some parthenogenetic forms from geographically co-occurring or contiguous bisexual species has been supported by evidence from morphological, cytological, allozyme and mitochondrial DNA analyses (White et aL, 1972;  Brown and Wright, 1979; Wright et a!., 1983) . Furthermore, observations on the distribution of parthenogenetic and sexual forms can be used to determine any habitat differences which may favour one mode of reproduction or the other.
Although a review of geographic parthenogenesis in terrestrial animals has suggested ecological explanations for the distribution of parthenogenetic and sexual forms (Glesener and Tilman, 1978) , no similar comparison has been made for aquatic animal species. Species of the common planktonic crustacean Daphnia show variation in mode of reproduction (Hebert, 1981) . Species of Daphnia typically reproduce by cyclical parthenogenesis. This mode of reproduction involves a parthenogenetic phase followed by a sexual phase in which haploid resting eggs, which require fertilisation to develop, are released into a protective structure known as the ephippium. However recent studies have shown that populations of D. pulex in the Canadian arctic and Ontario all appear to reproduce by obligate parthenogenesis (Hebert and Crease, 1980; Hebert and Loaring, 1985) . No sexual phase occurs in this mode of reproduction since diploid resting eggs are produced parthenogenetically. The latitudinal distribution of sexual and asexual forms of some species would suggest that cyclically parthenogenetic populations of D. pulex may occur further south.
Recently, Lynch (1983) has reported cyclically parthenogenetic D. pulex co-occurring with obligately parthenogenetic clones in two Illinois ponds. However, a morphological analysis of invidivuals from one of these ponds has indicated that some of the individuals identified as D. pulex in this study, are D. obtusa (Schwartz et a!., 1985) . Furthermore, individuals of a different genus were accidentally included as a clonal group of D. pulex (Lynch, 1984b) . Thus, the taxonomic complexity of the D. pulex group (Dodson, 1981) (Schwartz et al., 1985) . Each clone was assayed electrophoretically for six enzymes; PGI (phosphoglucose isomerase), LDH (lactate dehydrogenase), GOT (glutamate oxaloacetate transaminase), PEP (peptidase), PGM (phosphoglucomutatse) and AMY (amylase). These enzymes were chosen because they were reliably resolved and polymorphic. PGI, LDH and GOT were stained on a 7 per cent polyacrylamide gel (Young, 1979) , PEP was stained on a LiOH starch gel (Selander et al., 1969) and PGM and AMY were stained on cellulose acetate gels (Helena Laboratories, Beaumont, Texas) using a tris-glycine buffer (3 g/l Trizma Base, 14.4 g/ 1 glycine). Later studies showed that the PGI, LDH and GOT variants could also be resolved on the cellulose acetate system. Enzyme stains followed standard procedures (Harris and Hopkinson, 1976) .
Breeding studies with cyclically parthenogenetic D. pulex and D. obtusa show that the Hebert and Crease (1983) . The Amy locus scored is Amy-i of Hebert and Crease (1983) . Alleles 1, 3, 4 of Hebert and Crease (1983) are designated 1, 4, 6, respectively, in this study.
Gels stained for PEP showed three zones of activity but only the fastest zone could be reliably scored. This is not the same locus previously scored by Lynch (1983 Lynch ( , 1984b (Hebert, 1974b) , while obligately parthenogenetic population may show large deviations (Hebert and Crease, 1983) . Another test for frequent sexual reproduction in cyclically parthenogenetic populations is to assess genotypic diversity in populations using information on the frequency of multilocus genotypes. Frequent sexual reproduction generates large numbers of multilocus genotypes through recombination, while in populations reproducing by obligate parthenogenesis genic variation is ordinarily tied up in a small number of multilocus genotypes (Hebert and Crease, 1983) . Therefore, multilocus genotypic diversity is expected to be decreased by any asexual reproduction. Multilocus genotypic diversity was assessed using two measures; observed genotypic diversity (G0) and observed number of multilocus genotypes (U0). Observed genotypic diversity was calculated as: G0= g where g is the frequency of the th multilocus genotype for k multilocus genotypes observed in the sample (Stoddard, 1983 (Hoffmann, 1986 (Sokal and Rohlf, 1981) . (d) Genetic relatedness Multilocus genotypes (based on the six loci) of Daphnia obtusa and D. pulex were compared using a simple matching coefficient (Sneath and Sokal, 1973) . For a pair of multilocus genotypes, compared at a locus, a coefficient of similarity of 0, 05 or 1 was computed if the two multilocus genotypes had 0, 1 or 2 alleles in common, respectively. This coefficient of similarity was then averaged over the six loci and converted to Euclidean distance by taking the square root of the complement of the coefficient (Sneath and Sokal, 1973) . Principal coordinate analysis (Gower, 1966) of the distance matrix was used to summarize the genetic differences among the multilocus genotypes of the two species. Principal coordinate analysis was also used to compare genetic differences between cyclically parthenogenetic and obligately parthenogenetic D. pulex.
RESULTS (a) Single locus variation
Daphnia obtusa was present in samples from five of the nine sites, while D. pulex was collected from six sites. Tables 1 and 2 shared among the two species with variation at Pgi and Got also contributing to this separation (tables 1 and 2). These results show that in addition to morphological differences (Schwartz et al., 1985) , D. pulex and D. obtusa are genetically distinct with no evidence for hybridisation between them. (Hebert and Crease, 1983) were plotted ( fig. 3) , (Hebert and Crease, 1983; Hebert and Loaring, 1985) . Recently Lynch (1983) has reported two cyclically parthenogenetic clonal groups of D. pulex from Illinois. However, the composite genotype data in table 1 of Lynch (1983) group (Dodson, 1981) has been interpreted to be "... a consequence of rampant speciation." (Lynch, 1983, p. 370) . Alternatively, morphological complexity in this group may in part be due to the failure to distinguish morphological variation associated with distinct species (such as D. obtusa) and variation among different clones of D. pulex (Schwartz et a!., 1985) . Bu and Tre were the only two populations in which cyclically parthenogenetic and obligately parthenogenetic D. pulex were found together with D. obtusa. Only D. pulex was sampled from Am which appeared to be a predominantly cyclically parthenogenetic population, although one obligately parthenogenetic clone was found. Samples from the remaining six populations consisted of diversity. This is true of populations in temporary habitats where periods of parthenogenetic reproduction are frequently interrupted by sexual reproduction (Hebert, 1974b) . Populations composed of obligate parthenogens are characterised by individual loci deviating from Hardy-Weinberg equilibrium and a low genotypic diversity (Hebert and Crease, 1983) . However, these characteristics are also found for populations of cyclical parthenogens in more permanent habitats where periods of sexual reproduction may be much less frequent (Herbert, 1974a ; but see Mort and Wolf, 1985 for an exception). Furthermore, populations composed of both cyclically parthenogenetic and 8 X X X sample and one in the Bu population sample were identified by determining the mode of reproduction of a sample of individuals from each population. Therefore, the reproductive characteristics of populations of Daphnia, determined using information on allozyme variation, should be supplemented by direct observation on the mode of reproduction of individuals. It should also be pointed out that the presence of males in a population can not be used to identify cyclically parthenogenetic populations. Some obligately parthenogenetic clones are capable of producing males (Hebert and Crease, 1983 ) even though they are not necessary for the production of resting eggs by these clones. The obligately parthenogenetic and cyclically parthenogenetic D. pulex sampled in the present study were found to be genetically distinct with Ldh and Pep potential markers for discriminating individuals reproducing by the two modes. Cyclically parthenogenetic individuals were 11 homozygotes at both loci while obligately parthenogenetic individuals were Ldh 13 and Pep 12 heterozygotes. The two Ldh genotypes were also associated with genetically distinct groups of clones in samples from Ontario (Hebert and Crease, 1983) . However, all of these clones appeared to be reproducing by obligate parthenogenesis. Comparing the clones sampled in the mid-west U.S. and Ontario ( fig. 3) shows that D. pulex is made up of at least two groups of obligate parthenogenetic clones and a group of cyclically parthenogenetic individuals. One group of obligate parthenogens (with the Ldh and Pep 11 genotype) occurring in Ontario, was not present in the samples from the mid-west U.S. However, the group of obligate parthenogens with the Ldh 13 and Pep 12 genotype was common in both areas. In the mid-west U.S. samples, this group was composed of seven clones based on variation at six loci (table 8). Only one of these clones was found in more than one population and none of the reference clones from Ontario occurred in any of the mid-west populations. This extremely restricted distribution was also found for clones sampled in Ontario (Hebert and Crease, 1983). Similar to the sexual relatives of other parthenogentic species (Suomalainen et al., 1976) populations (Berger and Sutherland, 1978) are probably composed of obligate parthenogens (Hebert, and Crease, 1983) . Although D. pulex is common throughout North America (Brooks, 1957) , the mode of reproduction of populations further west or south is presently unknown.
Obligately parthenogenetic D. pulex from the mid-west U.S. and Ontario (Hebert and Crease, 1983 ) form a genotypically diverse group of clones. This suggests that these clones have originated independently from cyclically parthenogenetic ancestors. It has been proposed that males from obligately parthenogenetic clones may have mated with sexual females from cyclically parthenogenetic populations and produced genetically diverse obligately parthenogenetic progeny (Hebert and Crease, 1983) . This may be possible since some obligately parthenogenetic clones are capable of producing males (Hebert and Crease, 1983) . Furthermore, crosses between these males and sexual females from cyclically parthenogenetic populations have recently been shown to produce obligately parthenogenetic progeny (Innes and Hebert, in prep.) . These matings may continue to generate new obligately parthenogenetic clones in natural populations and would eventually eliminate cyclically parthenogenetic individuals from the population (Hebert, 1983) .
The high heterozygosity of obligately parthenogenetic clones of D. pulex compared to cyclically parthenogenetic populations was thought to derive from the accumulation of mutations over many generations (Hebert and Crease, 1983 (Lynch, 1984a) .
The situation is different for D. pulex where the wide geographic distribution of obligate parthenogenesis is clearly due to many clones with a restricted distribution rather than a few broadly distributed clones. This can be explained by the mode of origin of new clones and the restricted dispersal capabilities of Daphnia. Although a multiple origin will generate many new clones from cyclically parthenogenetic populations, most of this variation appears to be between populations. The small number of clones within each pond may be due to the selection of clones adapted to local conditions. However, no information is available to distinguish this explanation from chance events reducing the clonal diversity within ponds.
The geographical distribution of cyclical and obligate parthenogens of Daphnia pulex may be a consequence of the contagious spread of a gene or genes suppressing meiosis in females rather than environmental differences favouring one mode of reproductionor the other. This is supported by the observation that cyclically and obligately parthenogenetic forms rarely co-occur but appear to occupy environmentally similar ponds. The persistence of cyclically parthenogenetic populations in the mid-west U.S. may be due to the low dispersal capability of the obligately parthenogenetic clones retarding the spread of obligate parthenogenesis and delaying the eventual extinction of cyclically parthenogenetic populations.
There is also evidence that additional factors could be responsible for the persistence of cyclically parthenogenetic individuals. For example, not all obligately parthenogenetic clones produce males and some of these clones appear to coexist with cyclically parthenogenetic individuals (Lynch, 1983) . The ability to produce functional males by an obligately parthenogenetic clone may be lost by the time it has dispersed to a pond of cyclically parthenogenetic individuals. Furthermore, the exact genetic mechanism responsible for the suppression of meiosis in females has not been determined. It is possible that the genetic control of mode of reproduction produces some obligate parthenogens when males from obligately parthenogenetic clones mate with cyclically parthenogenetic females but does not result in a contagious spread of the genes suppressing meiosis. Also, some cyclically parthenogenetic clones may have a genotype which blocks the expression of the meiosis suppressing genes in progeny resulting from a cross with males from obligately parthenogenetic clones. Studies are continuing on the genetic basis of obligate parthenogenesis (Innes and Hebert, in prep.) and the distribution of obligate and cyclical parthenogenesis in southern Ontario and Michigan. This information will be used to determine the origin of obligately parthenogenetic clones and the factors responsible for the persistence of cyclically parthenogenetic populations.
